Introduction
============

By the end of this century, global surface average temperature will rise about 1.1--6.4°C according to the fourth assessment report published by IPCC ([@B28]). This means that a warming above 3°C would eradicate thoroughly fixed carbon function of worldwide terrestrial vegetation, shift a net carbon source. It is estimated that drought stress would be intensified with this global warming due to enhancement in evapotranspiration rates, and on other hand will also escalate the water stress frequency and intensity with a rise from 1 to 30% in acute drought land area by 2100 ([@B28]); which might disturb the positive influences from the raised CO~2~ concentration, further restraining the structure and function of the terrestrial ecosystem. Precipitation regimes with its distribution and amount may estimate by the global climate models, nevertheless the complex reactions of terrestrial ecosystem to climate variation may severely influence the forecast precision. In agriculture, drought stress can be described by the shortage of soil water in an environment as a result of rainfall being rarer than normal ([@B69]). It is deemed to be one of the major reasons for diminishing plant growth attributes among different abiotic aspects in several regions of the world and is gradually rising due to global warming issues ([@B73]). Globally, about one-third of the land area is subjected to drought dilemmas, and only in China is this ratio more than 47% ([@B72]) because future predictions for the continuous changing global environmental circumstances predict increasing severity and incidence of drought in the coming decades ([@B19]). Engineering and breeding more effectual and well adapted drought crop cultivars is becoming increasingly significant. Numerous alterations in morphological, metabolic, or/and physiological traits are induced by drought stress in plants. At the preliminary stage of plant growth and development, it adversely influences both plant elongation and growth expansion ([@B39]; [@B60]). In several species, diminishing leaf growth and leaf area and a greater root/shoot ratio has been documented in response to drought ([@B37]). Severe drought stress poses injurious outcomes on plant water relations, photosynthesis, ion uptake, nutrient metabolism and the partitioning of assimilates ([@B27]; [@B37]; [@B57], [@B58], [@B56]). Stomatal closure and turgor losses that occur under drought stress are due to a sporadic water supply from the xylem to the surrounding elongating cells ([@B66]). Therefore, both stomatal and non-stomatal restraints are deemed to be the core causes of decreased photosynthesis activity under drought stress ([@B27]).

Under drought stress, plant reactions are extremely intricate and fluctuate amongst plant species and growth phases, along with water limitation durations ([@B27]; [@B24]; [@B8]; [@B25]). Nevertheless, root, shoot growth attributes along with the leaf area are significantly hampered by drought stress with an ensuing decline in the growth and development of plants ([@B5]). Drought stress severely influenced plant water status by reducing the water potential and the relative water content (RWC) in wheat ([@B62]). In response to drought stress, plants develop many adaptive strategies including escape, avoidance and tolerance mechanisms ([@B18]). In fact, these strategies in plants under drought conditions may play a combined role, not absolute separate ([@B29]). Morphological plasticity, water physiological integration or gene regulation of plants could be possible to response to drought during the same acclimation period ([@B35]). Optimal nitrogen application also plays a critical role in combating drought ([@B46]). Plant roots have to absorb more water to be able to take up the same amount of nitrogen for metabolism from soil under low nitrogen concentrations. Vice versa, in conditions of drought stress, plant roots are unable to get optimal amounts of nitrogen from soil, which has negative effects on plants growth by disturbance physiological metabolisms ([@B71]).

Plants match their rate of growth according to resource accessibility \[for example, water, light, and nitrogen (N)\] using a number of acclimation mechanisms. Recognizing the principal strategies and growth attributes that describe how plants respond to maximum and minimum quantities of these resources is vital for designing suitable management approaches that improve crop performance and enhance resource use efficiency in resource-restricted situations ([@B68]). Water and nitrogen are the two main factors that play vital roles in the growth of turf grass and ornamental quality constraints. Especially in the early growing stages of turf grass, the amount of available water and nutrients determines the success or failure of turf establishment, time and quality. Nitrogen is an essential structural constituent of proteins, rubisco, nucleic acids, and chlorophyll in addition to some hormones, and its application in the form of fertilization is a vital agronomic management strategy to boost crop performance ([@B10]). In plants, nitrogen availability drives proper photosynthetic functional activity of the leaf ([@B13]). In addition, effective nutrition levels have also alleviated drought stress damage by sustaining metabolic activities under reduced tissue water potential ([@B74]). Hitherto, the response of Kentucky bluegrass to drought stress conditions during its vegetative growth phases has not been well understood. Water restrictions, along with reduced nitrogen application, are the key constraints on Kentucky bluegrass growth and development and have been broadly documented to influence the leaf water relations, chlorophyll fluorescence and photosynthetic traits, which results in reduced plant growth performance, early senescence, and diminished crop productivity ([@B52]; [@B44]; [@B48]). An adequate evaluation of drought stress influence on the morpho-physiological traits under nitrogen fertilization can deliver valuable understanding of Kentucky bluegrass performance under drought stress ([@B68]; [@B1]).

*Poa pratensis* (scientific name: *P. pratensis* L.; English name: Kentucky bluegrass) belongs to Gramineae and is a perennial cold season rhizome -- sparse clump grass with green leafcolour and attractive leaf and plant shapes. Strong vegetative propagation property of this grass will produce numerous ramets and form an uniform turf sod under desired water and nitrogen conditions. Ramets distributions in the grass clonal system connected by rhizomes largely rely on water and nitrogen status in soil ([@B22]). Water and nutrient resources may differ significantly even at small spatial scales, because of environmental heterogeneity ([@B54]). In northern China arid and semi-arid regions, temperatures often approach 38°C or higher during the summer months, and water scarcity causes a high amount of soil nitrogen loss; therefore, drought stress and poor nutrient management are the two key limitations for the growth and turf uniformity of Kentucky bluegrass rate. Despite the availability of numerous studies concerning different species responses to drought stress, information is lacking on the effects of nitrogen and water variations in both homogeneous and heterogeneous environments with Kentucky bluegrass. Thus, the current research was conducted in North China to study the patterns of water and nitrogen sharing between ramets of Kentucky bluegrass and mechanism of morphological and physiological integration on water and nitrogen resources; and to investigate whether a nitrogen application increases the potential to withstand and recover from drought stress applied during Kentucky bluegrass growth periods. This study will be important for better understanding the adaptation of Kentucky bluegrass to different water and nutrition environment and to provide a theoretical basis for developing and improving drought-tolerant grass germplasm for environments with scarce water reserves.

Materials and Methods {#s1}
=====================

Plant Material and Growth Conditions
------------------------------------

Kentucky bluegrass 'Arcadia' provided by Shawn Bushman (USDA-ARS) was examined because it has been observed to perform well in field under scared water and nitrogen conditions ([@B64]). Grass seeds were sowed in plastic trays (70 cm × 30 cm × 10 cm) containing a soil matrix \[peat soil: vermiculite: loam soil (ratio of 6: 3: 1)\]. Before sowing, the soil matrix was first drenched, and after sowing, the seeds were covered with a thin layer of soil and placed in the dark for incubation. Germination began 5 days after sowing, and when the first two leaves were produced by seedlings, the seedlings were transplanted to pots (20-cm diameter and 40-cm height) filled with a matrix of peat soil, vermiculite and loam soil (a ratio of 6: 3: 1). After selecting healthy and similar size seedlings, plants were shifted to outdoor conditions (field) for further trials and observations. During this period, the average daily day and night temperature was 25 ± 2 and 15 ± 2°C, respectively. Relative humidity was 60 ± 5%, and natural sunlight at 700 ± 10 μmol m^-2^s^-1^ was maintained.

Experimental Design
-------------------

The field experiment was conducted in outdoor plots at the Northeast Agricultural University Horticulture experimental station. Sunny flat land with a cultivated heterogeneous habitat cell design was selected. The cells had a length and width of 60 cm and a depth of 50 cm. The bottom and sides of a cell were closed with polyethylene film to ensure that water and nutrients did not leach into separated areas, while the bottom was appropriately drilled to allow draining and prevent rot. The culture medium was sand excluding N, and with diameter 0.2 ∼ 2.0 mm, pH 7.0. Nutrition soil with total nitrogen content is 2.0% (Heilongjiang Richfield Company) was fertilized during the experiments.

Different water conditions were applied after planting: one heterogeneous habitat A (SS+N+W, SS-N+W, SS+N-W, SS-N-W) and four homogenous habitats B (SS+N+W), C (SS-N+W), D (SS+N-W), and E (SS-N-W). Each treatment had four replications. The symbols '+N' and '+W' indicates plots with full nitrogen or water, while the '-N' and '-W' means plots without nitrogen or less water; \[SS+N+W means sand with nutrient and full of water; SS-N+W means sand without nutrient but having water; SS+N-W means sand with nutrient but without water; SS-N-W means sand without both nutrient and water (**Figure [1](#F1){ref-type="fig"}**)\]. Selected healthy bluegrass plants grown in each plot circle at a height of 5 cm were trimmed. After that, the four habitat treatments were completed in a precise way to study the changes in morphological growth and in the organizational structure of bluegrass ramets caused by these treatments. Sufficient irrigation water was supplied in the range of 8 L to habitats with full water treated every 2 days, while for drought stress, the same amount water was applied to the habitats with less water treated every 7 days. Nutritive soil was applied at the rate of 100 g/m^2^ to each cell once every after 10 days after planting during the trial. All plots were covered with plastic film to prevent rain water from entering into the field (Reserved vent), and when the rain stopped, the plastic was removed.

![One heterogeneous habitat A (SS+N+W, SS--N+W, SS+N--W, SS--N--W) and four homogenous habitats B (SS+N+W), C (SS--N+W), D (SS+N--W), and E (SS--N--W). Each treatment had four replications. The symbols '+N' and '+W' indicates plots with full nitrogen or full water, while the '--N' and '--W' means plots without nitrogen or less water. All plots were arranged with randomized complete block design and were represented by this figure.](fpls-08-00983-g001){#F1}

Data Recorded
-------------

### Nitrogen (N), Organic Carbon (C) and Total C to N Ratio (C:N) of Both Mother and Ramet Plants Measurements

For the determination of nitrogen (N) and organic carbon (C), leaf samples were ground after being dried at 80°C for 36 h and were passed through a 20 mesh screen. The total nitrogen (N) and organic carbon (C) content was determined by using the Semimicro-Kjeldahl method and the rapid dichromate oxidation technique, respectively ([@B50]). The total C to N ratio (C:N) (g g^-1^ DW) was calculated as an estimate for the long term nitrogen use efficiency ([@B42]).

### Above and Ground Mass (kg/plot) and Maximum Radius (cm), Number of Ramets Determinations

All bluegrass cells were dug up for biomass determination after measuring the necessary parameters. Genets (tiller, two and three point ramet strains) were classified separately, then rinsed with water and dried using filter paper. After drying at 85°C for 48 h in the oven, the above- and below ground biomass dry weight was measured. The maximum radius was also observed in Bluegrass genet tillers at 10 day intervals, which was measured visually using a ruler with the minimum scale of 0.01 cm. The number of ramets, was also determined in both plots of the experiment.

### Leaf Relative Water Content (RWC) and Water Potential (Ψw) Measurements

The leaf RWC of fully expanded leaves was determined based on fresh (FW), turgid (TW), and dry weights (DW) using the following formula: RWC (%) = \[(FW - DW)/(TW - DW)\] × 100. Leaf fresh weight was instantly evaluated (Mettler AE260 balance, United States) after being removed from the plants and was then soaked in deionized water at room temperature 25 ± 1°C for 6 h. Next, for the determination of TW, all leaf samples were blotted dry and directly weighed. The samples were dried for DW measurements in an oven at 80°C for 72 h. The leaf water potential (Ψw) was determined following the method of [@B15] by using a pressure chamber (PMS Instrument Co., Corvallis, OR, United States). In the sealing sleeve of the specimen holder of the instrument, the leaves were firmly fixed and pressure was applied until the appearance of sap from the exposed end of the leaf was observed. At this stage, the reading was noted, which showed the negative force at which water was apprehended within the leaf and was expressed as -MPa.

### Leaf Crosscutting Structure and SPAD Reading Determinations

For study of leaf crosscut structures, four leaves segments 3 mm long were cut from the middle of the second leaf from top in each treatment and were fixed in 2.5% glutaraldehyde (v/v) in 25 mol m^-3^ phosphate buffer at pH 7.0 ([@B34]), dehydrated in an ethanol series, critical-point dried with liquid CO~2~, and sputter-coated with gold-palladium. The xylem and phloem tissue, along with the sieve diameter and vascular circumference of the leaf segments were visually examined and photographed with the scanning electron microscope (S-4800, Japan) at 1000×. Ramets greenness (or relative chlorophyll content) was determined using a hand-held chlorophyll meter (measured as the optical density, SPAD reading, Minolta Camera Co., Osaka, Japan) in both homogenous and heterogeneous plots.

Statistical Analyses
--------------------

The experiment was carried out in randomized complete block design (RCBD) with four replicates. The data were analyzed by analysis of variance using SPSS v 9.0 software (SPSS, Inc., Chicago, IL, United States). The mean values were compared with the least significance difference test at the 0.05 probability level. Mean graphs were made by using Sigma plot v.10 (Systat Software, San Jose, CA, United States).

Results
=======

Seasonal Changes of Nitrogen and Carbon Concentrations in the Mother Plants of Kentucky Bluegrass in Homogenous Treatments
--------------------------------------------------------------------------------------------------------------------------

Nitrogen and carbon concentrations were severely hampered by drought stress in the mother plants of Kentucky bluegrass (**Figure [2A](#F2){ref-type="fig"}**). When plants were exposed to drought, nitrogen concentration gradually decreased in all treatment periods. Among the different day intervals, the nitrogen concentration on 30 September in the SS-N-W treatment rigorously decreased by 72%, followed by SS+N-W with a 45% decrease and SS-N+W with a 22% decrease compared to 10 August with the SS+N+W treatment. The drought treatment remarkably affected the nitrogen concentration; however, the use of nutritional soil enhanced the nitrogen concentration (49%) in the SS+N-W treatment compared to SS-N-W on 30 September. The carbon concentration was also significantly (*p* ≤ 0.05) influenced in the SS+N+W treatment with the mother plants at all durations compared to the rest of treatments. SS+N+W treatment reduced the carbon concentration (15%) on 30 August. Among all treatments, the effect of SS-N-W was more pronounced on carbon concentration, followed by SS+N-W, SS-N+W, and lastly SS+N+W at all days in the homogenous plot treatments (**Figure [2B](#F2){ref-type="fig"}**).

![Seasonal changes of nitrogen and carbon concentrations in the mother plants of Kentucky bluegrass in homogenous plots. Error bars above the mean indicate the standard error (*n* = 4). Mean values for each treatment with different lower case letters indicate significant differences by the LSD-test (*P* \< 0.05).](fpls-08-00983-g002){#F2}

Seasonal Changes of Nitrogen and Carbon Concentrations in the First Ramets of Kentucky Bluegrass in Homogenous Treatments
-------------------------------------------------------------------------------------------------------------------------

Data regarding to the nitrogen concentration in the first ramets of Kentucky bluegrass under influence of nutrition, well water and drought conditions are shown in **Figure [3A](#F3){ref-type="fig"}**. Drought stress was found to hamper the nitrogen concentration in the first ramets of Kentucky bluegrass plants at different time durations. The fertilization with nitrogen in nutrient soil remained beneficial, and SS+N+W recorded an increase of 36% in nitrogen compared to sandy soil without nitrogen SS-N+W on 30 September. On the other hand, the plants of SS+N-W also performed better than SS-N-W at all-time intervals. Applying the SS-N-W drought treatment after 30 September resulted in a 99% reduction in nitrogen concentration compared to the SS+N+W treatment. The influence of nutrition and sandy soil was significant (*p* ≤ 0.05) on carbon concentration during drought stress, as shown in **Figure [3B](#F3){ref-type="fig"}**. Among all treatments, SS+N-W and SS-N-W significantly enhanced carbon compared to SS+N+W at all-time interval durations. A maximum increase was recorded in the SS-N-W treatment (11%) on 30 September, followed by SS+N-W (10%) on 20 September compared to SS+N+W at 20 and 30 September, respectively. Carbon concentration was also enhanced in SS-N+W at all durations compared to the SS+N+W treatment in the first ramets of Kentucky bluegrass (**Figure [3B](#F3){ref-type="fig"}**).

![Seasonal changes of nitrogen and carbon concentrations in the first ramet of Kentucky bluegrass in homogenous plots. Error bars above the mean indicate the standard error (*n* = 4). Mean values for each treatment with different lower case letters indicate significant differences by the LSD-test (*P* \< 0.05).](fpls-08-00983-g003){#F3}

C:N Ratios of the Ramets and Mother Plants in Homogenous Plots
--------------------------------------------------------------

The C:N ratio responded variably to the different treatments. A significant increase (*p* ≤ 0.05) was observed in the C:N ratio of both the ramets and mother plants of Kentucky bluegrass when plants were subjected to drought stress (**Figure [4](#F4){ref-type="fig"}**). The increase was more pronounced with the passage of time in drought treatments during the experiment. On 10 August and 30 September, the C:N ratios of the ramet plants were increased by 43 and 52% under drought stress in the SS-N-W treatment, respectively; however, the nutritional soil was more effective in decreasing (22 and 45% for 10 August and 30 September, respectively) the C:N ratio of the ramets in the SS+N-W treatment under stressful conditions. A similar trend was also observed in the mother plants in homogenous plots. With the induction of drought stress, an increase of 40 and 60% was recorded in the mother plants C:N ratios under the SS-N-W treatment on 10 August and 30 September. On other hand, SS+N-W treatment performed well in response to drought stress and reduced the C:N ratio up to 19 and 51% on 10 August and 30 September, respectively. Among all treatments, SS+N+W showed the lowest values of the C:N ratio throughout the experiment period.

![C:N ratios of the ramets and mother plants in homogenous plots. Mean values for each treatment with different lower case letters indicate significant differences by the LSD-test (*P* \< 0.05).](fpls-08-00983-g004){#F4}

Effects of Different Water and Nutrient Supplies on the Maximum Radius (cm) of Kentucky Bluegrass at Different Day's Intervals in Homogenous and Heterogeneous Plots (A)
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Significant differences (*p* ≤ 0.05) among the different treatments were observed for the maximum radius of Kentucky blue grass in both homogenous and heterogeneous plots at different days. Across different well-watered and drought treatments, SS+N+W in homogenous plots and A (SS+N+W) in heterogeneous plots significantly influenced the maximum radius compared to the rest of the treatments (**Figures [5A,B](#F5){ref-type="fig"}**). The percent increase was less at the beginning of the experiment; 20 days after, rapid enhancement was observed in all well-watered treatments. In homogenous plots, drought stress severely influenced the maximum radius (70%) in the SS-N-W treatment at 90 days, while a minimum reduction of 50% at 10 days was also observed in the SS-N-W treatment compared to SS+N+W. Among all the other treatments, SS+N-W performed well, followed by SS+N-W and SS-N-W, as shown in **Figure [5B](#F5){ref-type="fig"}**. Similar trends were also observed in heterogeneous plots (A). In this plot, no data were recorded at 10 days for A (SS+N+W), while for A (SS-N+W) at 10 and 20 days, no data and data for only one replicate, respectively, were collected. For the A (SS-N-W) treatment, no data were collected for days 10, 20, and 30, while the data from two replicates at days 40 and 50 were not collected during the experiment. In this plot, drought stress severely reduced the maximum radius up to 91% in A (SS-N-W) at 90 days compared to A (SS+N+W). Sandy soil with well-watered treatment A (SS-N+W) showed an enhancement in the maximum radius (76%) compared to A (SS-N-W); however, in comparison with the A (SS+N-W) and A (SS+N+W) treatments, lower maximum radiuses (40 and 61%, respectively) were recorded.

![Effects of different water and nutrients supplies on the maximum radius (cm) of Kentucky bluegrass at different days interval in homogenous and heterogeneous (A) plots. Error bars above the mean indicate the standard error (*n* = 4). Mean values for each treatment with different lower case letters indicate significant differences by the LSD-test (*P* \< 0.05).](fpls-08-00983-g005){#F5}

Effects of Different Water and Nutrient Supplies on the above and below Ground Biomass (kg/plot) of Kentucky Bluegrass in Homogenous and Heterogeneous Plots (A)
----------------------------------------------------------------------------------------------------------------------------------------------------------------

Kentucky bluegrass growth was adversely influenced by drought conditions; however, well-watered and nutrition soil alleviated this severe effect. Maximum above and below ground biomass were recorded from Kentucky bluegrass raised under well-watered and nutrition soil conditions in both plots. In homogenous and heterogeneous plots, the SS-N-W treatments showed less than 75 and 40%, respectively, of above and below ground biomass at 90 days of treatment (**Figure [6](#F6){ref-type="fig"}**). Among all treatments, SS+N+W in homogenous and A (SS+N+W) in heterogeneous plots exhibited greater biomass, followed by SS+N-W and A (SS+N-W) when compared to the other treatments. Nutrition soil treatment SS+N-W and A (SS+N-W) in both plots sustainably enhanced the above and ground biomass under drought stress compared to the sandy soil SS-N-W and A (SS-N-W) treatments. Among both plots and treatments, greater above and below ground biomass of Kentucky bluegrass were observed in homogenous plots.

![Effects of different water and nutrients supplies on the above and ground mass (Kg/plot) of Kentucky bluegrass in homogenous and heterogeneous (A) plots. Error bars above the mean indicate the standard error (*n* = 4). Mean values for each treatment with different lower case letters indicate significant differences by the LSD-test (*P* \< 0.05).](fpls-08-00983-g006){#F6}

Number of Ramets in Homogenous and Heterogeneous Plots (A)
----------------------------------------------------------

Progressive water-deficient conditions significantly (*p* ≤ 0.05) affected ramet number in both homogenous and heterogeneous plots, as shown in **Figure [7A](#F7){ref-type="fig"}**. However, this reduction was more pronounced in the SS-N-W and A (SS-N-W) treatments. It was recorded that there were higher ramet numbers in SS+N-W and A (SS+N-W) with the progression of drought stress in both plots. Treatments SS+N+W and A (SS+N+W) showed 84 and 93% higher number of ramets, respectively, than the SS-N-W and A (SS-N-W) treatments at 90 days in both plots. Lower ramets numbers were observed at the start of the experiment (particularly at 10 and 20 days in all treatments); nevertheless, this number was enhanced with the passage of time, followed by a higher number at the end of experiment, particularly in nutrition soil treatments compared to sand soil (**Figure [7B](#F7){ref-type="fig"}**). Homogenous plots demonstrated higher ramet numbers compared to heterogeneous plots.

![Effects of different water and nutrients supplies on number of the ramets in homogenous and heterogeneous (A) plots. Error bars above the mean indicate the standard error (*n* = 4). Mean values for each treatment with different lower case letters indicate significant differences by the LSD-test (*P* \< 0.05).](fpls-08-00983-g007){#F7}

Leaf Water Content (%) of Ramets in Homogenous and Heterogeneous Plots (A)
--------------------------------------------------------------------------

The leaf water content of ramets were almost constant in both plots under well-watered and properly applied nutrient soil; however, this variable was significantly reduced in sandy soil and drought stress conditions during the experimental period. Higher leaf water content was observed at the start of the experiment, but with the passage time, it declined in drought treated plots. This decline was more pronounced in sandy soil compared to nutrition soil in both plots. In homogenous plots at 0 day, the SS-N-W treatment decreased only 0.28% for leaf water content; however, at 90 days, a severe reduction of 53% was observed compared to SS-N+W. On the other side, due to proper nutrient management, lower leaf water content (46%) in ramets reduced by drought stress was observed in SS+N-W compared to the SS+N+W treatment at 90 days (**Figure [8A](#F8){ref-type="fig"}**). In heterogeneous plots, data were not recorded for 0 day for all treatments, as shown in **Figure [8B](#F8){ref-type="fig"}**. Only A (SS+N+W) treatment data were observed at 10 and 20 days, while A (SS-N-W) treatment data were noted after 50 days during the experiment. Drought stress significantly reduced leaf water content by 53% in A (SS-N-W) at 90 days compared to the A (SS-N+W) treatment; however, only a 44% reduction was recorded in the A (SS+N-W) treatment than the A (SS+N+W) at 90 days of the experiment in heterogeneous plots.

![Influence of well-watered and deficit water conditions and nutrient supply on leaf water content (%) of the ramets in homogenous and heterogeneous (A) plots. Error bars above the mean indicate the standard error (*n* = 4). Mean values for each treatment with different lower case letters indicate significant differences by the LSD-test (*P* \< 0.05).](fpls-08-00983-g008){#F8}

Leaf Water Potential (-Mpa) of Ramets in Homogenous and Heterogeneous Plots (A)
-------------------------------------------------------------------------------

Drought stress progressively decreased the leaf water potential of ramets, while the highest leaf water potential was found in well-watered soil, which was maintained throughout the experimental period. Drought stress slightly reduced the leaf water potential in the early days, but with the passage of time, the severity of drought stress was more pronounced (**Figure [9A](#F9){ref-type="fig"}**). At 0 day of the experiment, the SS-N-W treatment did not significantly (*p* ≤ 0.05) influenced the leaf water potential, while at 90 days, the reduction was observed up to 56% compared to the SS-N+W treatment in homogenous plots. Similarly, in the SS+N-W treatment at 90 days, leaf water potential of ramets decreased 50% compared to SS+N+W; however, the severity of drought stress decreased by proper nutrient management in SS+N-W compared to SS-N-W. Again in heterogeneous plots, data were not taken for 0 day, while A (SS+N-W), A (SS-N+W) were not observed at 20 and 30 days. The data of A (SS-N-W) was taken from 60 to 90 days, as shown in **Figure [9B](#F9){ref-type="fig"}**. Similarly, drought stress decreased leaf water potential by 59% in A (SS-N-W) when compared with A (SS-N+W); however, this reduction was further enhanced (66%) compared with A (SS+N+W) at 90 days. Nutrition soil reduced the harmful effects of drought on the leaf water potential of the ramets to some extent during the study. A reduction of only 53% recorded in A (SS+N-W) grown ramets when compared with the A (SS+N+W) treatment at 90 days in heterogeneous plots.

![Influence of well-watered and deficit water conditions and nutrient supply on leaf water potential (--Mpa) of the ramets in homogenous and heterogeneous (A) plots. Error bars above the mean indicate the standard error (*n* = 4). Mean values for each treatment with different lower case letters indicate significant differences by the LSD-test (*P* \< 0.05).](fpls-08-00983-g009){#F9}

SPAD Readings of Ramets in Homogenous and Heterogeneous Plots (A)
-----------------------------------------------------------------

Drought stress significantly (*p* ≤ 0.05) influenced SPAD values of Kentucky bluegrass ramets compared to well-watered and nutritional treatments (**Figure [10A](#F10){ref-type="fig"}**). When drought was induced, SPAD values progressively decreased with the passage of time during the experiment. Drought stress reduced SPAD values 1 and 56% in SS-N-W compared to the SS+N+W treatment at 0 and 90 days, respectively. However, when comparisons were made with SS-N+W with SS-N-W at 90 days, only a 25% difference in the SPAD value was observed between these two treatments. The effective use of nutritional soil ameliorated the adverse influence of drought on SPAD readings to some extent, and therefore, an enhancement of 37% was recorded in A (SS+N-W) at 90 days when compared with the A (SS-N-W) treatment in homogenous plots. Drought stress also led to a substantial SPAD value reduction in heterogeneous plots, as shown in **Figure [10B](#F10){ref-type="fig"}**. With the induction of drought stress, SPAD values decreased to 33% in the A (SS+N-W) treatment; however, this reduction (56%) was more severe in A (SS-N-W) compared to the A (SS+N+W) treatment at 90 days. Among all treatments, the highest SPAD readings were recorded in A (SS+N+W) and followed by A (SS+N-W).

![Influence of well-watered and deficit water conditions SPAD reading of the ramets in homogenous and heterogeneous (A) plots. Error bars above the mean indicate the standard error (*n* = 4). Mean values for each treatment with different lower case letters indicate significant differences by the LSD-test (*P* \< 0.05).](fpls-08-00983-g010){#F10}

Changes of Leaf Tissue Structure of Clonal Plants of Kentucky Bluegrass in Homogeneous Habitats
-----------------------------------------------------------------------------------------------

The data in **Tables [1](#T1){ref-type="table"}**--**[4](#T4){ref-type="table"}** and the pictorial view in **Figure [11](#F11){ref-type="fig"}** of the leaf crosscut structure of Kentucky bluegrass under 1000× using a transmission electron microscope show that the changes in vascular bundles of each index value of genet and clonal plants of Kentucky bluegrass in homogeneous habitats presents the same general trend. Each index value from high to low is as follows: genet, first ramet, second ramet, and third ramet. In the different habitats in the same class ramets, vessel diameter changed significantly from high to low as follows: C \> B \> E \> D. Sieve diameter changed significantly (*p* ≤ 0.05) from large to small as follows: D \> E \> B \> C. Vascular circumference changed significantly from high to low as follows: C \> E \> B \> D. Phloem area changed significantly from large to small as follows: D \> E \> B \> C. Xylem area changed significantly from high to low as follows: C \> B \> E \> D. Under the habitats of the same culture medium and different water treatments, drought stress shrunk the vessel diameter and circumference, but increased the sieve diameter and xylem area. Under the habitats of the same water supply and different substrate conditions, vessel diameter and circumference were smaller in nutrition soil, while the sieve diameter and xylem areas were increased.

###### 

Leaf crosscutting structure of Kentucky bluegrass under 1000 times the transmission electron microscope and analysis of the significance difference.

  Homogeneous habitats   Xylem vessel diameter (μm)   Sieve diameter (μm)   Vascular circumference (μm)   Phloem area (μm^2^)   Xylem area (μm^2^)
  ---------------------- ---------------------------- --------------------- ----------------------------- --------------------- --------------------
  B                      13.15^b^                     8.46^c^               192.44^bc^                    261.75^bc^            441.33^b^
  D                      9.34^d^                      11.69^a^              183.57^d^                     284.52^a^             421.55^d^
  C                      16.46^a^                     5.65^d^               207.65^a^                     253.41^d^             465.74^a^
  E                      10.74^c^                     9.78^b^               195.39^b^                     265.64^b^             432.35^c^
                                                                                                                                

Different lower case letters of the same column indicate significant differences under different habitats (

p

\< 0.05.). B indicates nutrition soil with full water; D shows nutrition soil with less water; C demonstrates sandy soil with full water; E indicates sandy soil with less water. The same is as follows.

###### 

The first ramet leaf crosscutting structure of Kentucky bluegrass under 1000 times the transmission electron microscope and analysis of the significance difference.

  Homogeneous habitats   Xylem vessel diameter (μm)   Sieve diameter (μm)   Vascular circumference (μm)   Phloem area (μm^2^)   Xylem area (μm^2^)
  ---------------------- ---------------------------- --------------------- ----------------------------- --------------------- --------------------
  B                      11.76^b^                     7.01^c^               160.35^bc^                    224.66^bc^            387.52^b^
  D                      7.81^d^                      10.22^a^              149.28^d^                     243.75^a^             361.44^d^
  C                      15.02^a^                     4.23^d^               172.83^a^                     211.91^d^             403.85^a^
  E                      9.13^c^                      8.29^b^               166.57^b^                     229.77^b^             372.17^c^
                                                                                                                                

###### 

The second ramet leaf crosscutting structure of Kentucky bluegrass under 1000 times the transmission electron microscope and analysis of the significance difference.

  Homogeneous habitats   Xylem vessel diameter (μm)   Sieve diameter (μm)   Vascular circumference (μm)   Phloem area (μm^2^)   Xylem area (μm^2^)
  ---------------------- ---------------------------- --------------------- ----------------------------- --------------------- --------------------
  B                      10.05^b^                     6.25^c^               142.33^b^                     190.33^bc^            325.77^b^
  D                      7.02^d^                      9.31^a^               109.11^d^                     215.72^a^             301.28^d^
  C                      13.73^a^                     3.72^d^               149.22^a^                     180.51^d^             342.85^a^
  E                      8.16^c^                      7.24^b^               139.55^bc^                    197.64^b^             316.44^c^
                                                                                                                                

###### 

The third ramet leaf crosscutting structure of Kentucky bluegrass under 1000 times the transmission electron microscope and analysis of the significance difference.

  Homogeneous habitats   Xylem vessel diameter (μm)   Sieve diameter (μm)   Vascular circumference (μm)   Phloem area (μm^2^)   Xylem area (μm^2^)
  ---------------------- ---------------------------- --------------------- ----------------------------- --------------------- --------------------
  B                      9.17^b^                      5.35^c^               122.35^bc^                    165.17^bc^            273.58^b^
  D                      6.12^d^                      8.47^a^               114.56^d^                     183.52^a^             244.65^d^
  C                      11.95^a^                     3.06^d^               134.18^a^                     157.29^d^             283.22^a^
  E                      7.86^c^                      6.58^b^               126.57^b^                     168.77^b^             259.79^c^
                                                                                                                                

![Electronic microscopic pictorial view of mother and remet plants of Kentucky bluegrass influenced by well-watered and deficit water conditions in homogenous plots.](fpls-08-00983-g011){#F11}

Discussion
==========

Climate change is one of the most detrimental challenges that cause serious concerns to agriculture sector mostly in climate-sensitive developing countries of the world. Due to climatic variations, the damaging influences of water scarcity are not only bounded to food security but have an extensive consequences on other sector of agriculture production systems. The drought intensity is unpredictable as it depends on numerous issues like rainfall occurrence and their distribution, evaporative demands and soils capability of preserving moisture contents. Hence, proper planning for sustainable water usage and improvement of drought resistant cultivars is imperative ([@B18]). The plant response mechanism to water scarcity condition is extremely intricate which varies among plant types and growth duration along with the period of water restriction ([@B27]). In reality, lower crop water requirements in temperate climatic regions and more irrigation for crops under arid regions are subjected to incessant series of drought stress and re-watering ([@B53]). Lately, more attention has been given to plants' capacity for drought recovery ([@B17]; [@B43]; [@B53]; [@B70]; [@B26]). Little is known about the plants clonal system reaction with the varied nutrition and water environments. Actually in nature, the necessity resources for plants growth and production such as sunlight, water, or soil nutrients were heterogeneous distribution in space and time. The patchy scatter of nitrogen and water in soil largely determines the ramets of Kentucky bluegrass distribution and uniformity which is one of the important ornamental and functional characteristics on turf. In this research, the response of nutrition and water on Kentucky bluegrass were comparatively analyzed for adaptation to drought stress. Drought stress severely hampered all morphological attributes, nitrogen utilization, carbon content and leaf structure of Kentucky bluegrass; nevertheless, the use of nutritional soil was helpful to a large extent in ameliorating the adverse influence of drought stress. With the induction of drought stress, the C:N ratios of Kentucky bluegrass in both mother plants and ramets were enhanced during the study because of a reduction in N and increased levels of C content (**Figures [2](#F2){ref-type="fig"}**--**[4](#F4){ref-type="fig"}**). Less water availability under drought stress normally decreases the uptake of total nutrients and lowers tissue concentrations in plants. Additionally, such influences may also be associated with restricted energy accessibility for NO~3~^-^/NH~4~^+^ under water limited conditions ([@B27]). Inside the plant when the water level falls below a critical point, as a result stomata closure occur which causes a reduction in transpiration rate and therefore restrict the water transportation to the plant. Consecutively, influences the roots capability to uptake water and nutrients as efficiently as pretend to be under normal transpiration ([@B71]).

Numerous studies have documented that drought stress influences carbon metabolism, and therefore, in several species, carbon is enhanced in roots and becomes acclimatized to soil water deficits; this was also verified from the results during our study ([@B9]). [@B14] also observed a strong correlation between C assimilation and leaf N in lettuce plant. For better plant production nitrogen is considered one of the important nutrients. Our results indicated that drought stress decreased nitrogen concentration; this was also confirmed by [@B20] who reported that the reduction of leaf nitrogen and chlorophyll content by drought stress enhanced leaf senescence of the plants. [@B59] observed that drought stress reduced nitrogen concentration in the leaf by 40.3% for a low level of N and was 25.4% for the high level of N treatments on the 9th day.

Decreasing morphological characters such as radius, above and ground biomass and the number of ramets under water stress might be due to the reduction in RWC that caused the withering of leaves and thus affected these attributes (**Figures [5](#F5){ref-type="fig"}**--**[7](#F7){ref-type="fig"}**). In the present study, the maximum radius, above and ground biomass, and the number of ramets in both homogenous and heterogeneous plots decreased under drought stress at different durations of time. Our results were further confirmed by [@B41] who also observed that the quality of Kentucky bluegrass leaves were reduced in soil that faced a shortage of water. Similarly, in sunflower and *Catharanthus roseus* plants, increased root growth was noticed in response to drought stress ([@B65]; [@B36]). Several earlier authors have connected such enhancement in the root/shoot ratio to the ABA content of roots and shoots under water deficient conditions ([@B61]; [@B45]). Water losses through abnormal transpiration caused by drought conditions induces injury and cell desiccation, resulting in the reduction the turf quality and RWC and enhancing electrolyte leakage ([@B2]). Our results are further confirmed by [@B6] and [@B11] who showed that with an application of nitrogen, plants show positive influence in terms of growth and development under drought stress. Plant responses to N applications and soil water recommend that an N application could positively influence better soil moisture and plant growth ([@B63]). Therefore, from these results, we can note that an N application could play an important role in mitigating the negative influences of water stress on the growth and development of plants. Therefore, using nutritional soil, the morphological attributes such as radius, above and ground biomass and the number of ramets under water had returned to 70% of the pre-stress level during the study. Therefore, our results recommend that nutritional soil can assure recovery potential once drought stress is relieved.

For maintaining perfect physiological functions and growth, water status played a pivotal role. Numerous researchers have documented that high RWC is closely associated with deficient water stress resistance ([@B4]; [@B38]). In the current research, leaf water content and leaf water potential were severely diminished by drought stress; however, with the use of proper nutrient soil, enhancements were recorded in these parameters. Such reductions could be due to lower water availability to the root systems and compensating for water loss by the processes of transpiration (**Figures [8](#F8){ref-type="fig"}**, **[9](#F9){ref-type="fig"}**). [@B23] noticed that in *Hibiscus rosa-sinensis*, water stress severely reduced *relative* water content, stomatal conductance, turgor potential, transpiration, and water use efficiency. [@B62] showed that the concomitant enhancement in leaf temperature with the imposition of water stress considerably reduced the RWC, leaf water potential, and transpiration rate in wheat plants. Therefore, these results revealed that leaf water potential may play a role in indicating the water status of a plant and shows the capability of plants to sustain maximum water, which develops better adaptability to drought by increasing tolerance to drought stress but not to drought recovery. Root system also play a vital role in maintaining better RWC and leaf water potential of the plants. By altering the allocation design, water absorption is maximized namely augmenting investments in the roots. Instead of absorbing water actively, roots just let it to pass through them in reaction to water potential gradients generally set up by transpiration. The intricate roots anatomical assembly results in a multifaceted form of water flow. Transport through numerous tissues like epidermis, cortex, stele etc. has to be interpretive during the radial channel through the root cylinder along with a longitudinal flow constituent (axial transport in xylem vessels). Modification occurs in the anatomy of root tissue under stressful conditions, mainly, because stress (such as drought stress) encourages the progress of apoplastic blockades for water and ion movement ([@B67]). This effects the balance of water by decreasing the roots ability to up take water.

SPAD readings were significantly influenced by the use of nutritional soil under drought stress, and this could be due to a better uptake of water, root growth and uptake, root growth, and leaf erectness ([@B32]; [@B33]) that was retained with higher leaf water potential and leaf green color in the current research (**Figure [10](#F10){ref-type="fig"}**). Drought stress can diminish the chlorophyll content and prevent its further production ([@B40]). Numerous studies have accounted for injury to the leaf pigments as a consequence of drought stress ([@B51]; [@B49]). A four unit enhancement was observed by [@B21] in SPAD readings when the RWC was reduced from 94 to 87%; nevertheless, there are many studies documenting the negative influences of drought stress on leaf chlorophyll content ([@B7]; [@B55]). Chlorophyll concentration and leaf color are directly correlated with nitrogen content. Due to drought conditions and nitrogen deficiency, SPAD readings were decreased by drought stress in sandy soil compared to nutritional soil, and our results were also verified by [@B16] who also observed the same trend during his research.

Drought stress also influenced the leaf tissue structure of clonal plants of Kentucky bluegrass in homogeneous habitats. In agreement with earlier studies ([@B30]), a decrease in number of leaf ranks was recorded in stressed plants, related to an interruption of plant development (**Tables [1](#T1){ref-type="table"}**--**[4](#T4){ref-type="table"}** and **Figure [11](#F11){ref-type="fig"}**) ([@B31]; [@B47]; [@B3]). The responses of Kentucky bluegrass to environmental stress conditions and the depletion of a nitrogen application may also have influenced the growth of young leaves, as previously accounted for in the literature ([@B12]).

Conclusion
==========

Water stress is the most damaging environmental setback for plant performance. To the best of our knowledge, information is lacking on the effects of nitrogen and water variations in both homogeneous and heterogeneous environments with Kentucky bluegrass. Conclusively, our results demonstrated that drought stress severely influenced all agronomical, anatomical and physiological attributes of Kentucky bluegrass in both homogenous and heterogeneous plots. However, use of nutritional soil with a proper nitrogen rate remained effective in ameliorating the adverse influence of drought stress. Considering the results of the present study collectively, the better performance of nutritional soil under stressful conditions seems to arise from (1) enhanced RWC and leaf water potential, (2) a reduction in the C:N ratio, (3) increased agronomical and physiological attributes, and (4) a better leaf tissue structure of the clonal plants. Our study provides an insight and is a step closer in ascertaining the role of nutritional soil for a better performance of water-stressed Kentucky bluegrass. From these results, we recommend that this research might help to understand the growth and development characteristics and adaptive strategies of Kentucky bluegrass under drought conditions, and theoretically and practically guide the scientific management of Kentucky bluegrass.
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